ABSTRACT The effects of pH and electrolyte concentration on protein-protein interactions in lysozyme and chymotrypsinogen solutions were investigated by static light scattering (SLS) and small-angle neutron scattering (SANS). Very good agreement between the values of the virial coefficients measured by SLS and SANS was obtained without use of adjustable parameters. At low electrolyte concentration, the virial coefficients depend strongly on pH and change from positive to negative as the pH increases. All coefficients at high salt concentration are slightly negative and depend weakly on pH. For lysozyme, the coefficients always decrease with increasing electrolyte concentration. However, for chymotrypsinogen there is a cross-over point around pH 5.2, above which the virial coefficients decrease with increasing ionic strength, indicating the presence of attractive electrostatic interactions. The data are in agreement with Derjaguin-Landau-Verwey-Overbeek (DLVO)-type modeling, accounting for the repulsive and attractive electrostatic, van der Waals, and excluded volume interactions of equivalent colloid spheres. This model, however, is unable to resolve the complex short-ranged orientational interactions. The results of protein precipitation and crystallization experiments are in qualitative correlation with the patterns of the virial coefficients and demonstrate that interaction mapping could help outline new crystallization regions.
INTRODUCTION
Knowledge of the interactions between protein molecules in solution is fundamental to understanding protein functions in nature and in all practical processes involving proteins. One particularly important process is crystallization, which is a major step in protein separation and characterization. At present, protein crystallization may still be considered an art rather than a science, with optimal crystallization conditions generally determined by trial and error and intuition rather than from a firm theoretical basis (George and Wilson, 1994; Durbin and Feher, 1996) . The onset of protein precipitation or crystallization and the morphology of any separated phase will be predominantly determined by the mechanism of molecular approach, reorientation, and incorporation, which is governed by the strength and range of the colloidal interactions (Durbin and Feher, 1996) . Further theoretical and experimental study of these interactions is therefore the key to better understanding of protein crystallization (Durbin and Feher, 1996; Rosenberger, 1996) . This area has developed slowly, however, and it was only recently that a pioneering study of George and Wilson (1994;  see also George et al., 1997) demonstrated the relation between the protein osmotic second virial coefficient (a basic parameter representing the integral of the intermolecular potential over distance; Hunter, 1989) and protein crystallization behavior. One reason for the incomplete development of this field is the paucity of systematically developed experimental data.
The most versatile tools for investigating the bulk colloidal properties of protein solutions are scattering methods (Chen and Bendedouch, 1986; Hunter, 1989; Kaler, 1995) , although a number of techniques have recently allowed measurement of the interactions between adsorbed layers in thin films (Leckband and Israelachvili, 1993; Blomberg et al., 1994) , on particles, or even between single molecules attached to atomic force microscope tips (Florin et al., 1994) . Interprotein forces in solution have been studied by light, x-ray, and neutron scattering techniques (Delaye and Tardieu, 1983; Chen and Bendedouch, 1986; Veretout et al., 1989; Skouri et al., 1992; Eberstein et al., 1994; Coen et al., 1995; Georgalis et al., 1995; Muschol and Rosenberger, 1996; Bonnete et al., 1997) , and the scattering data can be related to the protein-protein interactions and separation behavior (Muschol and Rosenberger, 1995; Coen et al., 1995; Ducruix et al., 1996; Lafont et al., 1997; Gripon et al., 1998) . A protein of particular interest is hen egg lysozyme, which crystallizes readily and for which solubility and crystallization parameters are known. Some aspects of the interactions in lysozyme solutions have been studied separately by static light scattering (SLS) (George and Wilson, 1994; Muschol and Rosenberger, 1995; George et al., 1997 ), x-ray scattering (Ducruix et al., 1996) , and small-angle neutron scattering (SANS) (Giordano et al., 1991 (Giordano et al., , 1992 Niimura et al., 1994; Gripon et al., 1996 Gripon et al., , 1997 . Scattering methods have also been applied in an attempt to characterize the size and the growth dynamics of the initial aggregates in the crystallization process (Boue et al., 1993; Niimura et al., 1995; Tanaka et al., 1996) . To date, however, the available data on lysozyme interactions do not cover the effect of all basic variables such as pH or ionic strength. In addition, the measurements have often been carried out in the presence of high concentrations of a specific salt or buffer.
Thus a number of important aspects remain open: 1) whether the virial coefficients of different proteins below the isoelectric point follow a similar characteristic pattern as a function of pH; 2) as the scattering methods measure the interaction parameters indirectly, large and sometimes unpredictable errors can occur, therefore the reliability of the data should be checked by at least two independent methods; and 3) more data are required to clarify the correlation observed between the virial coefficient values and the crystallization/precipitation patterns. In the present study, we describe and compare interaction and crystallization data obtained with solutions of lysozyme and ␣-chymotrypsinogen. Chymotrypsinogen is a globular protein with a molecular mass of 25,670 Da (Creighton, 1993) and an isoelectric point at pH ϳ9.5. It has almost twice the molecular weight of lysozyme, with lower but less uniformly distributed surface charge. Previous research on a related protein, chymotrypsin (Coen et al., 1995) , has shown the importance of the attractive electrostatic forces induced by the uneven charge distribution.
To compare the trends in the virial coefficient patterns of these two proteins, we systematically varied both pH and electrolyte concentration over a wide range, with only NaCl used as the major electrolyte. Thus we investigated not only the magnitude of the virial coefficients, but also the general pattern of their behavior. The measurements were carried out by SLS and SANS. To estimate the effect of the measured parameters on these conditions, simple crystallization tests were also performed. These data are used as a basis for discussion of the relation between the virial coefficients and protein crystallization and the similarities and differences between the two proteins studied.
MATERIALS AND METHODS

Materials
Hen egg white lysozyme (6ϫ crystallized, L-6876) and ␣-chymotrypsinogen from bovine pancreas (C-4879) were obtained from Sigma. Solutions for SLS were prepared with deionized water from a Millipore Milli-Q system. The samples for SANS were dissolved in D 2 O (Cambridge Isotope Laboratories). NaCl from Sigma was used to adjust the electrolyte concentration. A minimal amount of citrate buffer (citric acid from Fisher Scientific) in a ratio of buffer/NaCl of 1:10 was added to maintain a stable pH of the batch electrolyte solutions. Thus the predominant contribution to the electrolyte composition is from NaCl, a source of monovalent ions with minimal specific interactions with proteins. The pH of the batch electrolyte and of the protein solutions was measured by a Chemcadet 5984 digital meter and adjusted by the addition of small volumes of 0.1 M NaOH or HCl. The meter readings in the D 2 O solutions were corrected by subtracting 0.45 units to take into account the difference between pH and pD measured by a glass electrode (Glasoe and Long, 1960) .
Special care was taken to minimize protein aggregation and dust. All work was performed in a FS-209c certified, clean airflow bench. Glassware was treated with detergent, stored in Nochromix oxidizing solution, abundantly washed with deionized water, and dried in a clean environment shortly before each experimental run. The protein solutions were prepared less than 2 h before the measurements. The electrolyte solutions were filtered through 20-nm cutoff inorganic Anotop filters (Whatman). The protein solutions were filtered through 100-nm filters of the same brand and immediately diluted and sealed in 1-ml ampules. The protein concentrations were determined with a Perkin-Elmer Lambda 4B spectrophotometer at ϭ 280 nm, using extinction coefficients of 2.64 liter/g cm (Sophianopoulos et al., 1962) and 2.0 liter/g cm (Smith, 1970) for lysozyme and chymotrypsinogen, respectively. All measurements were performed at 25 Ϯ 0.1°C.
Methods
SLS data at a scattering angle of 90°were obtained with a Brookhaven light scattering apparatus, equipped with an Ar-ion laser (wavelength ϭ 488 nm) and BI9000AT correlator. The absolute Rayleigh ratios of the samples were calculated by calibration with pure benzene before each experimental point. The disturbance from dust was minimized by using the built-in statistical dust rejection function and setting a tight rejection ratio (1.05). Each final data point is based on the average of not fewer than 50 statistically consistent measurements.
SANS experiments were performed with the 30-m instrument at the National Institute of Standards and Technology at Gaithersburg, MD. Quartz cells of 5-mm pathlength were filled following the same procedures as for the light scattering samples. The neutron wavelength was fixed at 6 Å, and three sample-to-detector distances (1, 4.5, and 13 m) were used to cover a wide range of scattering angles. The scattering from the pure electrolyte solutions and standard samples was also measured, and the data were normalized and put on an absolute scale with NIST software.
Lysozyme crystallization and precipitation were studied by examining solutions stored in closed sterile vials at 4°C. The crystallization of chymotrypsinogen was carried out by centrifugal concentration in a Sorvall RC-70 centrifuge equipped with a Sorvall SW-5 rotor. Samples of the solutions (5 ml each) were introduced into centrifuge tubes of diameter 13 mm and rotated for 44 h at 33,000 rpm and 25°C. The theory and detailed procedures are reported elsewhere (Lenhoff et al., 1997) . Thin layers of samples from the crystallized solutions were deposited on microscope slides and quickly observed (within 20 min) by transmitted polarizing microscopy (Nikon Optiphot-2) for the presence of crystalline phases.
Scattering data processing
The scattering intensity from protein solutions, I, is given in general by the product of the structure factor, S(q), the form factor, P(q), and the molecular protein concentration, (Hunter, 1989; Belloni, 1991; Kaler, 1995) :
where the magnitude of the scattering vector q is a function of the scattering angle and the wavelength :
The form factor is an orientation-averaged function of the size and shape of the protein molecules. The structure factor, S(q), is the Fourier transform of the radial distribution function of the molecules in solution, g(r), and samples the averaged distribution of intermolecular distances (in the formulae hereafter the dependence on the relative angular position of the molecules is omitted):
The radial distribution function is related to the potential of mean force W(r):
In the light scattering regime, the effective protein radius and the mean distances between the molecules in solution (Fredericks et al., 1994) are much lower than the wavelength of the laser used (488 nm). Thus the form factor is effectively equal to unity for most of the accessible q values. This allows us to measure the scattered intensity at an angle of 90°, which minimizes eventual effects from dust particles. For neutron scattering, the form factor varies with q but approaches unity at q 3 0. In this limit, the structure factor reduces to (Goodwin, 1981; Chen and Bendedouch, 1986) S͑q
where is the osmotic pressure of the protein solution and BЈ 22 is the second virial coefficient, which samples the net effect of the interaction energy over the whole range of accessible configurations:
When the protein molecules are approximated as spheres of radius r p , g(r) ϵ 0 over the range 0 Ͻ r Ͻ r p , because of steric repulsion. The value of the above integral in this range is equal to four times the molecular volume of the protein and makes up the so-called excluded volume contribution to BЈ 22 . The value of the integrand in the range r p Ͻ r Ͻ ϱ is a complex function of the intermolecular interactions present at different separations. A positive virial coefficient reflects the presence of predominantly repulsive interactions and vice versa. The SLS data were processed by the classical method of Zimm (1948) , whereby
where M w is the molecular weight of the protein and C p is its w/v concentration. The second virial coefficient as determined experimentally using Eq. 7 has units of mol ml/g 2 and is related to that given in Eqs. 5 and 6 by B 22 ϭ BЈ 22 /M w 2 N A (N A is Avogadro's number). The Rayleigh ratio, R , is the normalized scattering intensity, which was calibrated by using pure benzene and subtracting the background scattering from the pure electrolyte solution. K is a constant that is calculated from the optical properties of the system (Utiyama, 1972) :
where n 0 is the refractive index of the solvent, (dn/dC) is the refractive index increment of the protein, and is the wavelength of the laser in vacuum. The values of (dn/dC) used were 0.20 ml/g for lysozyme (Fredericks et al., 1994 , confirmed by our independent measurements) and 0.192 for chymotrypsinogen (Smith, 1970) . The value of R (90°) for benzene was set at 38.6 ϫ 10 Ϫ6 cm Ϫ1 , interpolated from the data of Coumou et al. (1960 Coumou et al. ( , 1964 .
Once the data are plotted according to Eq. 7, the values of the slope and the intercept give the second virial coefficient and the molecular weight of the dissolved protein, which is independently known from its amino acid composition and therefore can be used as a check on the experimental precision.
RESULTS
Static light scattering
Lysozyme
The virial coefficient measurements for lysozyme span the pH region from 3 to 10.6 at four different electrolyte concentrations-0.005, 0.1, 0.3, and 0.5 M NaCl. Measurements at the higher electrolyte concentrations of 0.1, 0.3, and 0.5 M were made to determine the behavior of B 22 upon the approach to protein crystallization conditions (Alderton et al., 1945; Ataka and Shoji, 1986; Howard et al., 1988) , whereas the measurements at 0.005 M NaCl probed the interactions in the low-electrolyte region, where long-range electrostatics are significant. The data were obtained with protein solutions diluted below 10 mg/ml. This value is lower than the reported lysozyme solubility values at all salt concentrations in the pH range 4 -7.5 at 25°C (Howard et al., 1988) , which reduces the risk of interference from higher order terms in the virial expansion and of experimental errors arising from concentration-induced protein aggregation. Examples of typical experimental measurements plotted according to Eq. 7 are shown in Fig. 1 . The lines show the results of least-squares linear regression with both the slope and the intercept varied. The lines should meet at the same point, which is related to the reciprocal of the protein molecular weight (Eq. 7). This is reasonably well accomplished for all of the data plots, with the exception of that at the lowest electrolyte concentration and pH. The average intercept, excluding the point at pH 3 and I ϭ 0.005 M, corresponds to a protein molecular weight of 14,600. This value is closer to the lysozyme molecular weight from amino acid sequencing (14,320) than to the molecular weights determined by other physical methods (e.g., sedimentation; Creighton, 1993, p. 266) .
The virial coefficients obtained (Fig. 2) are highly positive (corresponding to repulsive interactions) at low electrolyte concentrations and low pH. As pH increases, the coefficients decrease, dropping sharply above pH 9 to reach a negative value at pH ϳ10.5. The virial coefficients are slightly positive at I ϭ 0.1 and 0.3 M electrolyte and pH 3, but they become increasingly negative at intermediate and high pH. All of the coefficients at I ϭ 0.5 M are negative and decrease slowly with pH. The primary data at pH 10.5-10.6 typically demonstrate a negative deviation from the expected common intercept value (cf. Fig. 1 ), which formally corresponds to higher molecular weight and is probably an indication that some protein aggregation may occur during the time of measurement (2-3 h).
For all pH values, increasing the electrolyte concentration leads to a decrease in the virial coefficients. This dependence has been studied in more detail at pH 4.5 (Fig. 3) . The virial coefficients decrease monotonically with increasing electrolyte concentration, the slope becoming smaller at higher concentrations. The result of a single measurement carried out with 0.05 M NaCl and 0.05 M sodium acetate buffer at pH 4.5 is also shown (after recalculation of the degree of acetic acid ionization) and is in good agreement with the values for samples containing NaCl as the only major electrolyte.
Chymotrypsinogen
As for the lysozyme, the measured chymotrypsinogen solutions were dilute enough to be below the solubility limit of the protein. Chymotrypsinogen tends to deteriorate at pH values above 5, partly because of the autocatalytic selfcleavage initiated by the presence of a small amount of chymotrypsin in the samples. The self-cleavage and selfdigestion process can be suppressed by adding phenylmethylsulfonyl fluoride (PMSF), an inhibitor of the enzymatic activity of chymotrypsin (Gold and Fahrney, 1964) . The protein solutions containing PMSF indeed gave more stable SLS data with time than those without inhibitor, but PMSF also caused significant changes in the values of the measured virial coefficients, e.g., the coefficient decreased by almost an order of magnitude at I ϭ 0.3 M. Although PMSF has been reported not to bind to chymotrypsinogen at pH 7 (Gold and Fahrney, 1964) , it can possibly adsorb or change the molecular configuration at other experimental conditions. To avoid such artefacts, further measurements were made in solutions without PMSF. Consistent results from pure protein solutions could be obtained by simply making the measurements reasonably quickly, before self-digestion or dimerization could influence the data. The molecular weight obtained from the intercepts (ϳ24,450) agrees well with the literature values determined from sedimentation (23,660) and from structural data (25,670; Creighton, 1993, p. 266) .
A summary of all of the virial coefficient data obtained is presented in Fig. 4 (the lines are included to guide the eye). The values obtained correlate quite well with the data of Coen et al. (1995) for chymotrypsin, which have a similar structure. The virial coefficients at low pH and I ϭ 0.005 M are positive but much smaller in magnitude than those of lysozyme. Increasing the pH at low ionic strength leads to a drastic decrease of the virial coefficients, which reach highly negative values at pH 6.8. Increasing the electrolyte concentration at pH 3 reduces the virial coefficients until they become slightly negative at I ϭ 0.3 M. The data for I ϭ 0.3 M electrolyte are practically independent of pH and are similar to the high I behavior of lysozyme, and the values at the intermediate concentration of I ϭ 0.1 M lie between the other two limiting cases. The cross-over of the lines at a pH of ϳ5.2 suggests that the virial coefficients at this pH are almost unaffected by the value of the ionic strength. Finally, to ensure that the small quantity of citrate buffer used does not interfere with protein-protein interactions, a single measurement of a solution containing 0.1 M acetate buffer was made. The values for the two buffers were essentially the same (Fig. 4) .
FIGURE 2 A summary of virial coefficients of lysozyme obtained from the SLS data at varying pH and four electrolyte concentrations (each point corresponds to one data set similar to those plotted in Fig. 1 ). The open symbols denote experimental conditions where the onset of aggregation was detected.
FIGURE 3 Lysozyme virial coefficients measured at pH 4.5 as a function of electrolyte concentration. The single point marked with a triangle was obtained in an acetate buffer environment.
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Small-angle neutron scattering
Lysozyme SANS spectra I(q) were obtained for six lysozyme solutions of 10 mg/ml at pH 4.5, 6, and 9, and electrolyte concentrations of 0.005 and 0.3 M (Fig. 5 , A-C). For the q range between 0.004 and 0.05 Å
Ϫ1
, the curves are well separated, and the intensity values increase with decreases in the corresponding virial coefficients. This behavior at low q reflects the role of the structure factor and thus depends on protein-protein interactions. The neutron scattering spectra overlap in the q range from 0.05 to 0.18 Å Ϫ1 and diverge again for higher q values. In the overlap region S(q) is ϳ1.0, so the scattering reflects the form factor, P(q), of the lysozyme. A reasonable form factor approximation (the molecular dimensions of lysozyme are well known) should fit the data in this region. Two such approximations are plotted in Fig. 5 A. The first approximation is that of a sphere of radius 16 Å, which has a volume equivalent to the lysozyme molecular volume. The second approximation is that of an ellipsoid with semimajor and semiminor axes, a ϭ 22.5 Å and b ϭ 15 Å, which correspond to the lysozyme dimensions determined crystallographically (Creighton, 1993) . The value at the intercept, P(0), was calculated based on data from the literature (Gripon et al., 1996) . The formulae and the parameters used are described in the Appendix. Although both of these approximations match the experimental results, a slightly more realistic fit is obtained with the form factor for an ellipsoidal particle.
Both the spherical and the ellipsoidal approximations begin to deviate significantly from the data at q Ն 0.18 Å Ϫ1 , which is approximately where higher order terms in the expansion of the scattering function become significant (Stuhrmann and Fuess, 1976 ) and the effects of hydration layers may be important (Svergun et al., 1998) . The experimental plots above this q range diverge slightly again, and this does not appear to be related to experimental artifacts. The data at q Ͼ 0.18 Å Ϫ1 probably reflect scattering from the fine details of the lysozyme outer hydrated structure, and the differences among the curves are likely to be a result of small changes in the conformation of the outer chains resulting from the difference in pH or electrolyte concentration, or from ion binding to the protein surface.
Once the form factor has been modeled, the structure factor can be extracted by dividing I(q) by the form factor (Eq. 1). The virial coefficients B 22 are extracted from the structure factor obtained from Eq. 5, using an extrapolation of the data to q 3 0 via a polynomial least-squares fit approximation (note that as the value of P(0) is known, these data are obtained without fitting parameters). The values of B 22 obtained are presented in Table 1 . A graphical presentation of correspondence between the second virial coefficient values by SLS and SANS is shown in Fig. 6 . The data by SANS are systematically lower, which may be attributed to the lower lysozyme virial coefficients in D 2 O as compared to H 2 O (Gripon et al., 1997 ). However, given the possible significant sources of error (particularly at low electrolyte concentration) and the absence of any adjustable parameters in the calculations, the two sets of estimates of B 22 are in satisfactory agreement.
Chymotrypsinogen SANS studies were carried out on three chymotrypsinogen samples of protein concentration 10 mg/ml: 1) pH 3, I ϭ 0.005 M; 2) pH 3, I ϭ 0.3 M; and 3) pH 7, I ϭ 0.005 M. The first two samples at pH 3 exhibited satisfactory time stability, as reflected in the overlap of the three data sets collected during consecutive time periods at different sample-to-detector distances. The scattering data from these samples are plotted in Fig. 7 . As in the case of lysozyme, three regions in the I(q) curves can be differentiated. For q Ͻ 0.05 Å Ϫ1 , the scattering profiles from the two samples are different as a result of the differences in the protein-protein interactions in the solution, which are reflected in the different forms of the structure factor, S(q).
At higher q values the curves overlap, and in this region the scattering is determined by the form factor of the protein molecules, P(q), primarily reflecting the molecular structure. The intensity values in the intermediate q range (0.05 Ͻ q Ͻ 0.13 Å Ϫ1 ) could again be described by an effective sphere model for the single-particle scattering function as described in the Appendix. The fitted formfactor curve is plotted in Fig. 7 . The deviations at high q probably reflect details of the intramolecular structure, as discussed earlier for lysozyme. After P(q) is fitted, the virial coefficients can be obtained by extrapolating the data to the limit of q 3 0, as described above. The values obtained are compared with those from SLS in Table 2 . There is general agreement between the values, although they are not as close quantitatively as in the case of lysozyme. The third neutron scattering sample, at pH 7 and I ϭ 0.005 M, changed with time. Three data sets were obtained-two in the medium q region, at ϳ2 and ϳ10 h after sample preparation, and one in the high q region, 11 h after preparation. The data are plotted in Fig. 8 along with the data at pH 3. The scattering curves show a dramatic increase in the intensity with time in the q region below 0.06 Å Ϫ1 , whereas the intensity in the q region between 0.07 Å Ϫ1 and 0.12 Å Ϫ1 decreases. This behavior can be explained by protein aggregation over the course of SANS experiment, which is longer than SLS experiments. The aggregation leads to an increase in the intensity in the low q region because the aggregates scatter strongly in this region. This increase is accompanied by an intensity decrease in the high q region due to the depletion of the monomolecular species. An exact description of a system of polydisperse aggregates is complex, and the parameters involved outnumber those that can be fitted based on the available data. However, an estimate of the degree of aggregation and the size of the aggregates is possible. If only a single type of spherical cluster of radius R agg is formed (each containing n protein molecules of radius R) and the protein mass balance is taken into account, the scattering function from the solution will be given by (cf. Eq. A1 from the Appendix)
FIGURE 5 SANS spectra from lysozyme solutions. (A) Data points at pH 9. (B) Points at pH 4.5 (large symbols), compared with points at pH 9 (small symbols). (C) Points at pH 6 (large symbols), compared with data at pH 4.5 and 9 (small symbols). (D) Data at pH 6, I ϭ 0.3 M, compared to the theoretical curves of total scattering intensity. Theoretical model curves: (1) Form factor in the ellipsoidal approximation; (2) form factor in the spherical approximation; (3) total scattering at pH 4.5 (structure factor calculated from Eqs. 3, 4, and 10 with the fitted parameters from SLS and multiplied by the form factor); (4) total scattering at pH 6; (5) total scattering at pH 9. Curve 1 is a hypothetical case of scattering without protein interaction and is shown in plots A-D for comparison.
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Here ␤ is the fraction of monomolecular protein converted into aggregates. The effective radius of the aggregates R agg is an unknown function of n, but the simple physical restriction R agg Ͻ nR will always hold. Fits of the data for the 2 h scattering curve at pH 7 with Eq. 9 were carried out with progressively increasing values of n in the q region above 0.05 Å Ϫ1 , where the scattering depends only on the size and shape of the species (S(q) ϵ 1). The physical restriction above was met at the lowest value of n ϭ 4, with the fitting parameters taking the values ␤ ϭ 0.33 and R agg ϭ 40 Å. As seen from the theoretical fitting curves shown in Fig. 8 and expanded in the inset, the scattering intensity at q values higher than ϳ0.12 Å Ϫ1 is determined mostly by the presence of the monomers and increases at lower values because of the strong scattering from the aggregates. The value obtained for the effective size of the tetramer is twice the diameter of a single molecule, which is reasonable, although the real physical picture likely includes polydisperse aggregates. The negative deviation of the theoretical curve from the data at low q values reflects the fact that S Ͼ 1 because of the strongly attractive interactions, which are not accounted for in the model. Thus the estimate above suggests that ϳ30% of the original protein sample aggregated in a period of 2 h into clusters comprising four or more molecules each. The fraction of monomers incorporated into clusters increased with time, as evidenced by the continued increase in intensity at low q, due to the increasing number of aggregates, and the con- comitant decrease in intensity at moderate q, due to depletion of the monomers.
Crystallization results
Lysozyme
Refrigerated solutions of lysozyme were monitored for up to 2 months after preparation, and four different patterns of crystallization or precipitation behavior were observed ( Fig. 9 ): 1. Absence of precipitation or crystallization. This is characteristic for the low to medium range of electrolyte concentrations and pH values. The solutions remain stable and do not exhibit any inhomogeneity.
2. Partial precipitation. This was observed for pH values close to the lysozyme isoelectric point, pI (Ͼ 11), at high electrolyte concentration and even at lower pH values when the electrolyte concentration was also low. In this case some low-density, milky, or translucent precipitate formed in a few hours or days. Microscopic observation using crossed polarizers showed no traces of crystalline phases.
3. Compact, rhomboid-like crystals. These crystals grew in the pH region 3-9 and at an electrolyte concentration of 0.5 M. Both the nucleation and the growth were slow, with up to 2-4 weeks required to observe crystals. Good quality symmetrical crystals up to a few millimeters long were obtained (Fig. 10 A) . X-ray crystallography of one of the crystals obtained at pH 4.5 indicated tetragonal symmetry, similar to that reported earlier for crystallization in this pH region (Alderton et al., 1945; Artymiuk et al., 1982) . (Fig. 10 B) . These were observed between pH 9 and 10.5 and electrolyte concentrations above 0.3 M. This is the most intriguing region of lysozyme behavior because the crystals grew in only a few days. When observed by microscopy, these crystals demonstrated uniform regular cross section and rotation of the polarized light. X-ray investigation of a sample obtained at pH 10.5 and I ϭ 0.3 M showed resolution better than 2.8 Å, which is typical for medium-quality protein crystals. The crystal was in an orthorhombic space group with lattice constants 30.39, 57.72, and 67.81 Å. This is a comparatively rare type of lysozyme crystal modification that has been reported previously (Alderton et al., 1945; Artymiuk et al., 1982; Tanaka et al., 1996) , but for which the crystallographic structure seems to have been resolved only to 6-Å resolution (Artymiuk et al., 1982) .
Needle-like crystals
Chymotrypsinogen
Chymotrypsinogen could not be crystallized in refrigerated solutions because this protein exhibits retrograde solubility, i.e., the solubility increases with decreasing temperature. The centrifugal method used as an alternative yielded either a crystalline precipitate or a dense transparent liquid phase (concentrated in protein) at the bottom of the centrifuge tubes. Immediately after centrifugation the top portion of the samples was carefully withdrawn, leaving ϳ0.5 ml of the bottom fraction together with the separated phase. The amount of aqueous phase available for redissolution of the sedimented crystals was thus decreased by a factor of 10. Therefore, if the crystalline phase is thermodynamically stable outside the centrifuge, it will reach equilibrium with the surrounding solution fairly quickly. The precipitate was FIGURE 8 SANS chymotrypsinogen data at pH 7. As the sample changes with time, the three sets of data are shown as separate plots. The data at pH 3 and I ϭ 0.3 M are also shown for comparison. The lines are (1) the plot of the fit according to Eq. 9; (2) the form-factor fit as in Fig.  3 ; and (3) the plot of the first term in Eq. 9 only (i.e., the scattering from the remaining monomolecular protein alone). The same three theoretical lines are shown expanded in the inset.
FIGURE 9
The lysozyme crystallization/precipitation pattern at 4°C mapped as a function of pH and electrolyte concentration. E, No precipitation, crystallization, or any visible changes; *, s, partial precipitation; f, , compact tetragonal crystals; OE, z, needle-like orthorhombic crystals. considered stable if it remained intact for a prolonged period or was marked as unstable if it dissolved in the surrounding concentrated solution.
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The results from the microscopic observation of small samples from the concentrated fractions are summarized in Table 3 . Each system was studied for at least two concentrations, 10 mg/ml and 5 mg/ml or 2 mg/ml. No difference between the concentrated and the diluted samples was found, except for the proportionally smaller amount of crystalline material eventually collected. Only the sample at pH 5.25 exhibited crystallization at the higher salt concentration. In contrast, crystals formed in all of the samples at the lower electrolyte concentration. There was, however, a pronounced difference among these three samples. The precipitate at pH 3 dissolved in a period of ϳ30 min. The other two samples were stable but appeared different in polarized illumination. The sample at pH 5.25 demonstrated rotation of the polarized light and appeared bright on the darkened background, whrease the sample at pH 7 showed no optical anisotropy, although the precipitate consisted of crystals with clearly defined edges (Fig. 11) .
DISCUSSION
The values obtained for the virial coefficients have been verified by two independent methods and agree well with the few common points of literature data at pH 4.5 (George and Wilson, 1994; Muschol and Rosenberger, 1995; George et al., 1997) . Thus we believe our data to be precise and reliable enough to serve as a basis for testing theoretical predictions. The mechanisms of protein-protein interaction in solution are known in principle, but because of their complexity the typical quantitative models are based mainly on approximate expressions. Here we first compare these approximate theories with the data and explore their advantages and limitations. In the next subsection, the virial coefficient data are discussed from the viewpoint of protein crystallization. Finally, a comparison between the virial coefficient and crystallization patterns of lysozyme and chymotrypsinogen is presented.
Protein-protein interactions in solution
Precise calculation of the interaction energies of protein molecules is a computationally difficult procedure, mainly because the complex geometry and the uneven charge distribution should be taken into account by explicitly calculating the angular dependence of the interactions, together with the complex short-range electrostatic and hydration effects (Roth et al., 1996; Neal et al., 1998) . The simplest crude approximation of the data is the calculation of the interactions between spheres of radius and electrostatic properties similar to those of the protein molecules. The protein-protein interaction energy W(r) can be approximated by a simple DLVO type of model (Vilker et al., 1980; Haynes et al., 1992; Coen et al., 1995) as a sum of the contributions from the charge-charge electrostatic repulsion (W q-q ), the charge-dipole electrostatic attraction (W q-), the dipole-dipole attraction (W -), the van der Waals attraction (W disp ), and all complex short-range interactions, denoted as W SR :
W q-q is the leading and longest range electrostatic term, and when the protein is below its pI (as is the case for both proteins under the conditions studied here), this term will decrease with increasing pH, together with the overall positive charge, reaching zero at the isoelectric point. Whereas the charge-charge repulsion is universally important for the interactions between protein molecules in solution, W qand W -are significant for proteins that have large enough dipole moments. W q-also vanishes at the isoelectric point. In contrast, W -does not become zero at pI if the dipole moment of the molecules does not vanish at this point. The van der Waals attraction, W disp , becomes important at small separations. W SR denotes other short-range interactions such as hydrophobic interactions, ion depletion, hydrogen bonding, and specific electrostatics. Because these complex interactions are still incompletely understood and explicit expressions are unavailable or intractable, they were not included in the calculation scheme. The interplay of these intermolecular forces can explain the qualitative trends in the virial coefficient data. The behavior at low ionic concentrations is governed by the long-range electrostatic interactions. The protein is strongly positively charged at low pH (far from the isoelectric point), so the repulsion between the molecules dominates in the positive (repulsive) virial coefficient (Retailleau et al., 1997) . The net positive charge decreases with increasing pH, increasing the importance of the long-range attractive van der Waals and electrostatic forces. The repulsive and attractive interactions approach a balance above pH ϳ9 for lysozyme and pH 5.25 for chymotrypsinogen, and the virial coefficients above those pH values become negative. The data for chymotrypsinogen, where above pH 5.2 the virial coefficients are more attractive at lower electrolyte concentrations, indicate the presence of attractive electrostatic forces. In a DLVO-type model these forces can be approximated as charge-dipole and dipole-dipole electrostatic attraction because chymotrypsinogen has a significant dipole moment. The addition of electrolyte both suppresses the strength and reduces the range of the electrostatic interactions, and it is not surprising that the virial coefficients generally decrease with increasing NaCl concentration. The negative virial coefficients at 0.3 and 0.5 M electrolyte are small in magnitude irrespective of pH. The van der Waals attraction should be dominant in this range. Theoretical studies Neal et al., 1998) suggest that short-range interactions can be crucial in determining the overall value of the virial coefficients of proteins in solution. Although long-range electrostatic forces are suppressed, short-range electrostatics, together with the solvation and hydrophobic affects, may still contribute significantly to the interactions.
A more quantitative analysis was performed numerically, where the virial coefficients were evaluated on the basis of the hard sphere excluded volume and contributions given in Eq. 10 without the complex short-range W SR term (similar to the procedures of Vilker et al., 1980; Haynes et al., 1992; Coen et al., 1995) . The protein charge, z p , and dipole moment, p , were calculated for any given pH by the numerical procedure of Barlow and Thornton (1986;  see also Takashima and Asami, 1993) . The coordinates of the protein atoms were taken from the Protein Data Bank (PDB) files 194L (tetragonal lysozyme crystal at 1.4 Å resolution) and 2CGA (the file describes a chymotrypsinogen dimer, so only the coordinates for chain A were used). The degree of polarization of the amino acid residues at the defined pH was calculated on the basis of the Henderson-Hasselbalch equation, using the pK a values from Stryer (1988) .
The fitting parameters in the numerical procedure were the Hamaker constant, A H , and the effective protein diameter, d p . In contrast to previous studies, we did not allow A H to vary for the fit of each experimental point, as there is no physical reason for the Hamaker constant to change. The objective function to be minimized was chosen as the sum of the absolute values of the differences between the measured and the calculated values of B 22 . Using this objective function instead of the sum of the squares of the deviations attenuates the effect of deviating points at low pH and improves the fit across the whole pH region. The nontrivial parameters used are the relative permittivity of the protein interior, ⑀ s ϭ 4, and the smallest distance of approach allowed between the spherical molecules, d s ϭ 3 Å (Vilker et al., 1980, and Coen et al., 1995 , interpreted this as corresponding to a layer of bound water between the proteins, leading to an excluded volume contribution of 2 (d p ϩ d s ) 3 /3). The overall interaction decays quickly with distance, so a finite upper limit of 200 nm was used in the calculations.
The results of the fitting procedure for lysozyme are shown in Table 1 . Reasonable agreement is obtained within the 0.3-0.5 M range of electrolyte concentrations. The fitted molecular diameter is close to the effective diameter of the lysozyme molecule. The procedure could not fit the data at I ϭ 0.005 M with reasonable accuracy, so these points were excluded from the optimization procedure. The large discrepancy between theory and experiment for the low electrolyte concentration may be related to electrostatic effects such as screening by ions released from the ionizable groups on the protein surface.
The virial coefficients represent integrals of W(r), so in principle different forms of the potential of mean force could match the data. A more rigorous test of the applicability of the theory is the modeling of the I(q) SANS spectral data by calculation of S(q). Using the same spheresphere interaction model with the parameters obtained by fitting the SLS data (bottom of Table 1), the structure factor for lysozyme was calculated by numerical integration of Eq. 3 after inserting Eqs. 4 and 10, and the S(q) obtained was used in Eq. 1. The resulting curves are plotted against the experimental data in Fig. 5 D. We find that the model fits the data reasonably well, given that the SANS structure data model curves are based only on parameters from the SLS fit.
The fitting procedure for chymotrypsinogen yields the results given in the last column of Table 2 . The fitted effective protein diameter, d p ϭ 43.5 Å, is in accord with the crystallographic data and the neutron scattering results. The Hamaker constant obtained, A H ϭ 10.1kT, is close to that obtained for lysozyme and fitted data reported earlier (Coen et al., 1995) . The model gives a picture of the trends in the virial coefficient change that is close to being quantitatively correct and that in particular captures the crossover point in the mid-pH region. Thus both repulsive and attractive electrostatics together with the dispersion attraction determine the trends in the virial coefficients.
Overall, the fits of both the SLS and SANS data demonstrate that the sphere-sphere interaction model can be used as a starting point to describe protein-protein interactions. The usefulness of this approach should not be overestimated, however. The calculations deviate from the data at both low and high pH values. Moreover, the value of the fitted Hamaker constants, A H ϭ 10.1-13.8kT, is ϳ3-5 times higher than that expected theoretically (Roth et al., 1996) , and one may wonder whether the values of d p and the closest molecular separation correspond to real physical dimensions in the protein system. Thus although the spherical approximation may work well at large separations, it fails to calculate precisely the complex short-range orientation-dependent interactions, because all of these interactions are parametrically incorporated into the van der Waals interaction term (hence the high value of A H ). The real physics of the system remains undetermined by this approach. Detailed calculations of the virial coefficient that account for the three-dimensional protein conformation and angular dependence of interactions are reported elsewhere (Neal et al., 1998) .
Besides the agreement of fitted virial coefficients with experimental data, greater insight emerges from comparing the patterns of virial coefficients versus pH and ionic strength, which show a number of significant differences between the two proteins. For lysozyme, all of the curves at the same ionic strength are situated above each other for all pHs, whereas for chymotrypsinogen these lines all intersect at around pH 5.2. The curves for chymotrypsinogen become independent of pH at an electrolyte concentration of 0.3 M, whereas the lysozyme virial coefficients still change somewhat with pH, even for I ϭ 0.5 M. Finally, the magnitudes of the virial coefficients of lysozyme are higher in the repulsive region, but the values for both proteins are approximately the same in the attractive (negative) region. These differences can be explained by considering the magnitude and the distribution of the electrostatic charge in the protein molecules. The smaller lysozyme molecule is highly charged (about ϩ8 at pH 7), and the oppositely charged groups are uniformly distributed across the surface (Barlow and Thornton, 1986 ; see also Rosenberger et al., 1996) . As a result, lysozyme has a relatively low dipole moment (74 D at pH 7). The larger chymotrypsinogen molecule is more weakly charged at pH 7 (ϩ4 charges) but has a much higher dipole moment of 518 D (all values are calculated based on sequence and coordinate data as described above).
The contrast between chymotrypsinogen and lysozyme implies that all proteins can be systematically divided into two groups with respect to their long-range electrostatic behavior. The first group includes proteins like lysozyme, for which repulsion is dominant at all pH values below the isoelectric point. The second group encompasses proteins like chymotrypsinogen, for which electrostatic repulsion controls at low pH but attractive electrostatics become dominant close to the isoelectric point. This finding has important consequences from the viewpoint of protein stability in solution. Proteins like lysozyme should be stable toward aggregation at lower electrolyte concentration in almost the entire pH region below the pI. Proteins like chymotrypsinogen, on the other hand, may be inclined to precipitate or crystallize when the electrolyte concentration is decreased at a pH where the dipolar attraction is predominant.
The above conclusion is supported by the neutron scattering data at pH 7 and low electrolyte concentration, which suggest that chymotrypsinogen has aggregated under these conditions. This is not surprising, bearing in mind the attractive interactions reflected in the negative virial coefficients. This aggregation and eventual precipitation (albeit not observed in our system) are in accordance with the correlation of George et al. (1994 George et al. ( , 1997 relating lower virial coefficients to precipitation. It has traditionally been assumed that protein precipitation close to the isoelectric point is driven by hydrophobic and van der Waals attractions. The data for chymotrypsinogen at higher pH suggest, however, that electrostatic attraction is present and may contribute to protein aggregation. This effect may be significant for the precipitation of proteins with chymotrypsinogen-like virial coefficient patterns, whereas it may be insignificant for proteins with a virial coefficient pattern such as that seen for lysozyme.
Correlation between interaction data and crystallization patterns
Our scattering data were obtained under precrystallization conditions, i.e., the solutions are too dilute for crystallization or precipitation to occur at 25°C. The formation of lysozyme precipitate or crystals at 4°C is due mainly to lowering of the solubility. Once the solubility boundary is crossed, a condensed protein phase will start to grow, the structure of which is determined by the intermolecular interactions in the solution. The magnitude of the virial coefficients in the transition from 25°C to 4°C should decrease in a smooth and linear manner (Gripon et al., 1997) , so the observed trends of the virial coefficients should remain approximately unchanged.
There are four qualitatively distinct regions in the plot of B 22 of lysozyme as a function of pH and electrolyte concentration (Fig. 2) that correspond roughly to the four crystallization/precipitation patterns mapped in Fig. 9 . The first is the region of low electrolyte concentration and low pH, where the virial coefficients are positive and no changes in the protein solutions occur with time at 4°C. The second region is at low and medium electrolyte concentrations, but high pH, where the pI is approached and B 22 falls sharply because of the decrease in electrostatic repulsion. The dominance of the attractive interactions leads to rapid formation of precipitates.
At high electrolyte concentrations and low pH, the virial coefficients become slightly negative. The repulsive electrostatic element in this region is suppressed but still measurable, as can be seen by the dependence of the B 22 on pH (Fig. 2) . The slow growth of tetragonal crystals under these conditions is in agreement with literature reports (Ataka and Shoji, 1986) .
The most interesting feature of the lysozyme crystallization map is the rapid growth of needle-like crystals with orthorhombic symmetry in the region above pH 9. In the virial coefficient data pattern (Fig. 2) , this is the region where the virial coefficients decrease sharply because of the suppressed electrostatic repulsion. The changed balance between the repulsive and attractive interactions in this region obviously leads to the formation of another crystalline form, although the exact difference in the growth mechanisms is still unknown. Thus appropriately scaled interactions between the protein molecules can lead to rapid growth of high-quality crystals.
For chymotrypsinogen, the centrifugal method used allows the parameters (pH and electrolyte concentration) to be adjusted and then the protein concentration to be increased until the crystallization boundary is eventually crossed. The first set of crystallization data was obtained in the region of dominant electrostatic repulsion at pH 3. The second set, at pH 5.25, was at a point where the repulsive and attractive electrostatic forces are approximately balanced, and the third data set was at pH 7, where attractive electrostatics dominate. The differences among these three cases are clearly revealed by the different crystallization results at low electrolyte concentrations. Chymotrypsinogen crystallizes even at the lowest pH, where the measured virial coefficients are positive, but the crystals obtained in this way are metastable structures, created by the locally high values of the protein chemical potential at the bottom of the tubes. This metastability drives redissolution of the crystals once the external centrifugal field is removed.
In accordance with the virial coefficient concept, the chymotrypsinogen solutions at pH 5.25 and 7, which exhibit negative virial coefficients, yield stable crystals that do not redissolve in the restricted amount of mother liquid. As demonstrated by the polarized light observations, the symmetry of these crystals is different. The lack of optical anisotropy of the crystals at pH 7 suggests that their unit cell may have a high degree of symmetry, compared to the optically active crystals at pH 5.25. As with lysozyme, there may be a transition from one crystal form to another in the region of higher pH, where the virial coefficients decrease sharply. The crystallographic structure of one of these phases will be reported elsewhere (Pjura et al., manuscript submitted for publication).
The only crystallizing condition for chymotrypsinogen found at the highest electrolyte concentration (I ϭ 0.3 M) is at pH 5.25. The absence of crystallization at higher and lower pH may be purely a kinetic effect, due to the rapid supersaturation caused by the centrifugation. Some residual repulsive and attractive electrostatics still exist, as demonstrated by the independence of the virial coefficient on the electrolyte concentration. These electrostatics are approximately in balance at pH 5.2, so it is likely that delicately balanced and complex short-range forces govern the ordering. It is possible that this particular cross-over point may be conducive to crystallization of proteins exhibiting a pattern of virial coefficient behavior similar to that of chymotrypsinogen. George et al. (1994 George et al. ( , 1997 have shown experimentally that proteins typically crystallize when their virial coefficients are in the range from Ϫ1 ϫ 10 Ϫ4 to Ϫ8 ϫ 10 Ϫ4 mol ml g Ϫ2 . Our data agree well with this result. Overall, using virial coefficients as a predictor for protein crystallization conditions is a simple and attractive concept, but although most crystallizing conditions might be associated with slightly negative virial coefficients, it is doubtful whether all cases where slightly negative virial coefficients are observed will eventually be crystallizing conditions. For example, no crystallization was observed with chymotrypsinogen in two of the cases at I ϭ 0.3 M, even though the virial coefficients in the solutions were negative. A feature of concentrated protein solutions that needs further understanding in the context of virial coefficients is the existence of liquid-liquid phase equilibria (Coen et al., 1995; Muschol and Rosenberger, 1997) , which may be conducive to crystallization (Muschol and Rosenberger, 1997) . Important progress has been made recently in modeling of phase separation in protein solutions, based on parametric descriptions of the intermolecular interactions Lomakin et al., 1996; Malfois et al., 1996; ten Wolde and Frenkel, 1997) , and further advances may help to elucidate some of the above issues. Unfortunately, at this stage these models assume an idealized molecular shape and simple potentials and thus are not able to predict the delicate nature of protein-protein complementarity in the crystal contacts.
Based on the results obtained, a simple semiquantitative strategy for managing a predictable crystallization protocol can be formulated. It appears sensible first to vary a parameter that strongly affects the virial coefficient until a slightly attractive coefficient is measured. Once this point is reached, the protein solubility can be reduced by changing factors that do not affect the interaction strength very much, e.g., decreasing temperature or concentrating the solution under isotonic conditions. In these experiments, such a path has been followed by first changing the pH and electrolyte concentration and then lowering the temperature or centrifuging.
The observed correlation between the different regions in the protein virial coefficient plot and the crystallization patterns suggests that interaction mapping might be used as a general predictor of protein crystallization and precipitation patterns and can outline areas where different behavior could be expected. It is reassuring that the pattern of virial coefficients is related to the type and biological specificity of a given protein and therefore can be used as a "signature" of that protein in considering its crystallization specificity. Both proteins studied here happen to display virial coefficients at high ionic strengths that fall in the "crystallization slot" (George et al., 1994 (George et al., , 1997 . It remains to be seen if less easily crystallized proteins have virial coefficients that are remote from the crystallization slot at high electrolyte concentrations. Another problem worthy of exploration concerns the extent to which the virial coefficient changes might be related to the corresponding morphological changes of the separated protein phase.
CONCLUSIONS
This paper describes the results of investigations into the virial coefficients of lysozyme and chymotrypsinogen by both SLS and SANS. The virial coefficients are positive at low electrolyte concentration and pH. They become negative when the pH and electrolyte concentration are increased. Whereas the virial coefficients for lysozyme always decrease with increasing electrolyte concentration, with chymotrypsinogen there is a cross-over point at pH ϳ5.2, above which the negative virial coefficients increase with increasing ionic strength. The different patterns of virial coefficient change are caused by the difference in the magnitude and distribution of the charges of the two proteins. The data can be approximately described by existing simplistic DLVO models, but their real value is in serving as a basis to test exact theoretical descriptions of the complex, orientation-dependent interactions in protein solutions.
The measured values of the virial coefficients can be correlated with protein crystallization and precipitation behavior, in agreement with previous observations (George et al., 1994 (George et al., , 1997 . The significance of our results and the questions that are raised lie in the extent to which the trends observed in the virial coefficient can be understood and manipulated to achieve desirable phase behavior. The differences observed between lysozyme and chymotrypsinogen indicate the potential complexity of the protein-protein interactions, which are inadequately captured by the kinds of potential of mean force models discussed here. In addition, the virial coefficient patterns of more proteins need to be explored extensively to allow general conclusions to be drawn. In particular, methods such as the ones described here may be useful in probing the efficacy of different chemical additives in yielding optimal crystallization conditions.
APPENDIX
The formula for the form factor of a sphere is (Glatter and Kratky, 1982; Hunter, 1989) P͑q͒ ϭ V and a and b are the semimajor and semiminor axes of the ellipsoid. The value of the lysozyme scattering density factor at 10 mg/ml, P(0) ϭ 0.132 cm Ϫ1 , was calculated from the data of Gripon et al. (1996) . In the case of chymotrypsinogen, only the expression for the form factor of a sphere, Eq. A1, was used, with both the radius, R, and the scattering contrast, ⌬ s , being fitted. The value obtained for the effective protein radius, R, was 20.5 Å, which is reasonably close to both half of the actual crystallographic protein dimensions of 40 ϫ 40 ϫ 50 Å (Creighton, 1993) and the effective radius of a sphere of volume equivalent to the molecular volume of chymotrypsinogen (19.4 Å, Creighton, 1993) . The fitted scattering contrast, ⌬ s ϭ 3.65 ϫ 10 Ϫ14 cm Å
Ϫ3
, is close to that of lysozyme (3.30 ϫ 10 Ϫ14 cm Å Ϫ3 ).
